Introduction
About 99% of the energy of the Sun is produced through nuclear fusion [1, 2] in which hydrogen is converted into helium through a sequence of nuclear reactions (named pp-chain) initiated by the proton proton (pp) or by the proton electron proton reaction (pep). The fusion develops through 3 branches (named ppI-ppII-ppIII) and electron neutrinos ν are produced in five different type of reactions and they are labelled as pp, pep, 7 Be, 8 B and hep solar neutrinos. 7 Be ν's (E ν = 0.384 MeV and 0.862 MeV) and pep ν's (E ν = 1.44 MeV) are mono-energetic line, while the others components show a continuous spectrum dominated by the most abundant pp ν (E ν < 0.42 MeV) and extending up to ∼ 18.8 MeV (maximum energy of the hep ν). In addition the remaining contribution to the Sun energy is produced by another sequence of nuclear reactions in which C, N, O act as catalysts (the CNO cycle) and that originates neutrinos with a continuous spectrum extending up to 1.74 MeV. The CNO contribution to the energy production in the Sun is only of the order of 1% but, on the contrary, it represents an important component for the dynamics of stars heavier than the Sun.
After many years since their first detection, solar neutrinos are still a source of important information both in astrophysics and in neutrino physics. The standard solar model predicts the spectrum of solar neutrinos but the value of the flux of the various components is still a subject of scientific debate inside the astrophysics community. The so called High Metallicity (HZ) [3] and Low Metallicity (LZ) [4] models predict different fluxes, in particular for the neutrinos of the sub-dominant CNO cycle but also for the 7 Be and 8 B components [5] . The precise measurement of the neutrinos fluxes can help to discriminate between these models. Furthermore solar neutrinos also offer a way to deeply probe the models of neutrino oscillation and eventually to single out or to constrain hypothesis about not standard neutrino interactions [9] . The Sun produces electron neutrinos but they reach the Earth as a mixture of all flavours. Matter oscillations in the Sun play a key role (MSW effect) [6, 7] in the oscillation process. The resulting electron neutrino survival probability P ee , according to the LMA-MSW solution [8] of the oscillation scenario, depends on the neutrino energy. Non standard neutrino interactions [9] significantly modify the shape of this energy dependence. The precise measurement of all the solar neutrinos fluxes is a powerful tool to confirm or not the prediction of the LMA-MSW scenario.
Using the data of the Phase II (that is the ones following a purification in situ of the scintillator, see below) of Borexino the complete study of all the neutrino components of the pp-chain has been performed [10] : we measured the interaction rates of pp, 7 Be, and pep neutrino with the highest precision to date [11] , and of 8 B neutrinos with the lowest-threshold [12] . We also set a limit on the neutrino flux originated by the reaction of 3 He and proton named hep. These measurements provide a direct determination of the relative intensity of the two primary terminations of the ppchain (pp-II/pp-I ) and a first indication that the temperature profile in the Sun is more compatible with solar models assuming high surface metallicity. At the same time, we determined the survival probability P ee of solar electron neutrinos at different energies, thus probing simultaneously and with high precision the solar neutrino flavor conversion mechanism.
The detector and the data analysis
Borexino is collecting data since May 2007 in the Laboratory Nazionali del Gran Sasso (Italy). The principle of the detector design is very simple: it basically consists of a of ∼278 ton of organic liquid scintillator contained within a sphere of 4.25 m diameter, viewed by 2200 photomultipliers and shielded against the external radioactivity. Details of the detector are described in [13] . What makes this instrument extremely powerful for performing low energy solar neutrino spectroscopy are the unprecedented low levels of background that have been achieved after several years of research and efforts. The initial radio-purity of the detector exceeded the design goal for several contaminants, however after May 2010 we began a series of procedures to purify the scintillator aiming to further reduce the background with the goal of increasing the sensitivity of the solar neutrino detection. We call solar Phase-II the data taking period following the end of this purification campaign. This purification campaign includes 6 cycles of closed-loop water extraction and it has significantly reduced the radioactive contaminants: 238 U < 9.4 × 10 −20 g/g (95% C.L.), 232 Th < 5.7 × 10 −19 g/g (95% C.L.), 85 Kr and 210 Bi have been reduced respectively by a factor ∼ 4.6 and ∼ 2.3 compared to the values reached in the first phase (Phase I) of the data taking.
Neutrinos interact through elastic scattering with electrons in the liquid scintillator target. There is no particular signature that allows to distinguish between neutrino induced events and background due to the radioactive decay of isotopes contaminating the scintillator and the surrounding materials. The expected solar neutrino event rate of few tens or few events per day in 100 tons sets the requirements about the needed radio-purity. The true signal is extracted from the background by fitting global observables (the energy spectrum, the radial distribution of the events and suitable distribution of pulse shape variables) of the detected events.
The physical observables reconstructed from the PMTs signals are the electron energy (related to the amount of detected light, about ∼500 photoelectrons/MeV) and the position of the interaction inside the scintillator (related to the difference of the arrival time of the signals on different PMTs). As a reference at 1 MeV, the energy and position reconstruction resolution σ are ∼ 50 Kev and ∼ 10 cm respectively.
An event occurs when a a group of PMTs fires within 100 ns, corresponding to an hardware energy threshold of about 50 KeV. We define 3 energy regions for the analysis: the first one (called Low Energy Region, LER) contains events with the lowest energy, from 0.19 MeV to 2.93 MeV and it is used to measure the interaction rate of pp, 7 Be and pep ν, the second one is called High Energy Region 1 (HER-I) and includes events with energy from 3.2 to 5.7 MeV and finally the last one, called High Energy Region 2 (HER-II), spans the energy interval from 5.7 to 17 MeV. The regions HER-I and HER-II are used to measure the 8 B interaction rate. Note that the lower edge of the HER-I region defines the energy threshold for the measurement of the 8 B ν flux: it cannot be reduced below 3.2 MeV because of the background of 2.614 MeV γ of the 208 Tl decay due to the contamination of 232 Th of the PMTs and the support sphere.
Before performing the fit procedure there are a few powerful handles allowing to discriminate the signal from the background. One of this is the fast time response of the scintillator that allows to reconstruct the position of the events and thus to define a wall less fiducial volume where the background events are sufficiently suppressed. We have defined different fiducial volumes (FV) depending on the particular signal that we wanted to extract: in the LER we selected a 71.3 tons
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FV through a radial and z cut needed to suppress γ background from contaminants of the external part of the detectors, while a larger FV is used for the 8 B search. A second important handle is the pulse shape discrimination due to the different time response of the scintillator to the energy deposit of different type of particles. This feature allows to suppress events due to α decay and also to discriminate between energy deposit due to electrons (or γ) and positrons. The analysis proceeds in two steps: i) the event selection, with a optimised set of cuts in the three energy regions to maximize the signal-to-background ratio, and ii) the extraction of the neutrino and residual background rates with a combined fit of distributions of global quantities built for the events surviving the cuts. We used a multivariate approach in the LER fitting simultaneously the energy spectrum, the radial distribution of the events and a pulse shape parameter helpful to suppress 11 C background events while we fit only the radial distributions for the extraction of 8 B.
The unique Borexino measurement of all the solar ν fluxes of the pp chain spanning from the low energy of 0.19 MeV (dominated by pp ν) up to the end point of 8 B ν of 17 MeV demands a deep understanding of backgrounds, and an accurate modeling of the detector response. These have been achieved through a precise ab initio simulation with a Monte Carlo method [14] and with analytical models [15] . In situ calibration of the detector with radioactive sources has allowed to validate the accuracy of the Monte Carlo. The Monte Carlo model reproduces the geometry of the detector, the energy loss of every particle in every material and it generates and propagates the scintillation and Cerenkov light until it is detected by the PMTs, including all the optical processes in the scintillator and the response of the electronic chain processing the PMT signal. Time variation of the detector response due the a variable number of active PMTs and deviations of the shape of the nylon vessel from the ideal spherical shape are included in the simulation.
Main results
We refer to [11, 12] for details of the analysis and to [10] for a full discussion of the results. Here we only recall and show the two most relevant consequences of the measurements. The first one is the determination of the solar electron neutrino survival probability P ee over the entire energy spectrum that is is shown in figure 1 .
The second one is the hint about the Sun metallicity obtained with the Borexino data. We use only the results for 7 Be and 8 B neutrinos, whose fluxes display a significant difference between HZ and LZ-SSM theoretical predictions (9% and 18%, respectively). Figure 2 shows the results of Borexino (green shaded ellipse), together with the predictions for the HZ and LZ standard solar models (blue and red shaded ellipses, respectively). Note that the errors in the Borexino measurements are in both cases smaller than the theoretical uncertainties. The theoretical error budget is dominated by uncertainties on the astrophysical factor of nuclear reactions and on the opacity of the Sun.
While the Borexino results are compatible with the temperature profiles predicted by both HZ and LZ, they provide an interesting hint in favor of the HZ prediction. A frequentist hypothesis test based on a likelihood-ratio test statistics (HZ vs LZ) was performed by computing the probability distribution functions with a toy Monte Carlo approach. Assuming HZ to be true, our data disfavor LZ at 96.6% C.L. This constraint is slightly stronger than our sensitivity (the median sensitivity is at 94.2% C.L.). We have also performed a global fit including the results presented in this work Results about the metallicity studies with our 7 Be and 8 B measured neutrino fluxes (green point and shaded area around it). We show in addition the allowed contours obtained by combining these new results with all solar and KamLAND data, and leaving free the oscillation parameters. The theoretical prediction for the low metallicity (LZ) (blue) and the high metallicity (HZ) (red) Standard Solar Models are also shown. All contours correspond to 68.27% C.L. together with all the other solar plus KamLAND data: when all the results are combined together the hints toward the HZ further weakens.
Conclusions
After more than 10 years of data taking and efforts both in the purification of the scintillator and in the data analysis, calibration and detector modeling, Borexino provided a measurement of PoS(NOW2018)014 the entire spectrum of all the solar component of the pp chain with a unified analysis. These results extend the previous ones already obtained during Phase I [16] [17] [18] [19] [20] [21] [22] and improve their accuracy.
